This paper proposes a design method of damping controllers of two facts devices, namely Synchronous Voltage Source when it is used only for reactive shunt compensation, i.e. 'Advanced Static Var Compensator' (ASVC) and Static Var compensator (SVC). The applications of ASVC and SVC for damping control are demonstrated and the comparison is made about the damping control capabilities paying attention to the difference in the design philosophy and detailed dynamic performances. An important issue in designing this kind of controllers is to suppress overvoltage that appears under large disturbance.
Introduction
The idea behind the concept of FACTS (Flexible AC Transmission Systems) is to control the active and reactive power in AC transmission systems as desired and to utilize the existing transmission facilities to their thermal limits by improving the transient stability. A family of FACTS devices has been developed. Basically, The FACTS devices are oriented to controlling the three basic electric parameters of transmissions (impedance, phase-shift angle and voltage).
In planning and operating today's power system, the ability to maintain power oscillation damping has become a growing concern. Among the family of FACTS devices, the Synchronous Voltage Source (SVS) has the unique capability of controlling the transferred active and the reactive power [2] . If the energy storage is of suitable rating, the SVS can exchange both reactive and real power with the ac system. The reactive and real power, generated or absorbed by the SVS, can be controlled independently, and any combination of real power generation/absorption with var generation/absorption is possible. The SVS, which is operated only for reactive shunt compensation is called as advanced static var compensator (ASVC).
As already demonstrated in a number of applications, static var compensator (SVC) can also provide good damping for power system oscillations [4, 5] , although this kind of FACTS device can only control the transferred reactive power. This makes it interesting to make a comparison between the ASVC and SVC regarding the performances. An important issue in designing this kind of controllers is to take account of an overvoltage problem that appears under severe disturbance [6] , where unacceptable overvoltage may damage power system equipments, which make them costly in the long run.
In the previous paper [1] [2] [3] [4] [5] linear control technique has been used for designing the ASVC and SVC controller, however, it has lack of robustness. They can not guarantee the stability and the performance of the system under a wide range of operating conditions due to uncertainties in the system models. Hm optimal control theory is a useful countermeasure for this problem [7, 8] . Up to now, there have been no application to ASVC design and also there is no comparison evaluation yet about robust controller design of ASVC and SVC for damping control.
Another important issue is about zeros problem (zeros in the right half plane) inherent in a typical ASVC system. The systems with such zeros are called as Non minimum phase system. This problem can cause difficulty in controller design and also reduce performance and robustness of a controller.
The objective of this paper is to present a design method of damping controllers for ASVC and SVC using the H.; optimal control theory. It is shown that, concerning overvoltage problem in case of SVC supplementary damping controller design, the use of the control sensitivity function is effective in the design step to regulate indirectly the controller output. And to design robust controllers under zeros problem inherent in the ASVC system, the use of bilinear transform is suggested. It is demonstrated through numerical simulations that the effectiveness of the proposed design method. Furthermore, the comparison is made about the damping control capabilities under the assumption that the ASVC and the SVC of the same ratings are installed in the same transmission line. It is shown that ASVC controller provides more robust stability and better performance for additional damping during power system oscillations.
SVC
A Static Var Compensator (SVC), or Fixed CapacitorThyristor Controlled Reactor (FC-TCR) type Static Var System (SVS), composed of a shunt capacitor and a controllable shunt reactor is widely used to provide voltage support at midpoint of long transmission lines. The high-speed response feature of SVC can provide also many opportunities for enhancing the performance of power systems.
It is found that a bus voltage controlled SVC does not contribute significantly to system damping [4] . A significant contribution to system damping can be achieved when an SVC is controlled by some auxiliary signals superimposed over its voltage control loop.
Modeling of SVC
The case study is a synchronous generator to an infinite bus over a long distance transmission line, which is compensated at its midpoint by an SVC. API (Proportional-Integral) 
, and the feedback loop will take the form as shown in figure  6 . .
Bilinear Transform
The existing H.; approach has limitation in designing controller for system with zeros on the boundary of the stability domain. Another limitation is for the cancellation of the plant's poorly damped poles by the controller's zeros. In this case, a controller designed with the standard H. -approach is unable to Fig. 6 Configuration for the damping control problem increase the damping. From the viewpoint of H-optimal control theory, this leads to singularities in the equations, which determine the state-space realization of the H. control law. In this case the standard Riccati based H-synthesis algorithms are not directly applicable.
To cope with this, bilinear transformation method has been applied to the plant in our design. Therefore, we transformed the original s-plane into a new complex plane be s-plane. Letting the new complex plane be s-plane, the transformation is written as follows [7, 10] :
By setting the parameters of the bilinear transform appropriately, the critical zeros and poles are moved away from the j w-axis and places in right-half plane. After the controller is computed, the inverse bilinear transform is used to map the controller back to the original s-plane.
ASVC Controller Design
For designing the ASVC-controller, we can do almost same procedure as SVC case. However we must take account about the following point.
The controller design should be taken account with the zeros problem inherent in the transfer function of the ASVC system of figure 5, which is a typical configuration for damping controller [3, 11, 15] . The plant system has zeros in the imaginary axis and usually has zeros in the right-half plane (non minimum phase system). For the plant which have zeros in the right half plane (non-minimum phase plant, NMP), it is only possible to find a stable controller if the open loop plant is strongly stabilizable (SS). The plant is strongly stabilizable if and only if all (unstable) poles occur in the right side of all NMP zeros in either odd or even numbers [12.13] . The existence of zero does not always imply the degradation of performance if the controller is carefully designed. However, it is a fact that the zero make the design of the controller quite difficult. To cope with this problem, it is necessary to combine the standard H, approach with special technique , such as bilinear transformation method. So that, the critical zeros problem can be treated and the designed controller can reassign the closedloop poles of the system to more stable location in the left half splane. These zeros could be also represented as multiplicative dynamic uncertainty, like another uncertainties in the parameter of the poles and gain. For using the multiplicative uncertainty to describe uncertainty in zeros of the transfer function, it is necessary to use a special technique, such as by choosing minimum phase part of plant (without zeros in the right-half plane) will be chosen as nominal model, Gc. The controller is found by solving the following mixed sensitivity formulation, eqn. (9), and the feedback loop will take the form as shown in figure 6 without taking account control sensitivity function, R(s).
Performance
and Robustness In this section, the dynamic performance and robustness of single machine to infinite bus system shown in figure 7, which is compensated at its midpoint (VT bus voltage) by SVC or ASVC are evaluated. Concerning the generating unit, the 7th order model of the synchronous machine is used to represent the dynamics of the generator with AVR [14] , and the supplementary controller output limiter is also taken into account in the design stage as well as in numerical simulations. These data are given in the appendix B.
Although the main purpose of this paper is the power system Table 3 . Stability Margin oscillation damping, we will examine the voltage waveforms and the overvoltage problem at the midpoint bus only to save the space since the shape of power swing is quite similar to that of voltage oscillation. Figure 8 and 9 show time responses for the VT bus voltage with ASVC or SVC -controller after a small disturbance is applied by a step variation to Ver. In this case the system without ASVC or SVC is a poorly damped poles plant (as shown in Table 2 for nominal system, damping ratio isssss0.0009). First, figure 8 shows that the ASVC and SVC with only voltage control improves the transient stability of the power system to some extent, however, it does little to help the system oscillation stability (damping ratio is 0.0085 in case of ASVC and 0.0062 in case of SVC). In this case, even if we adjust the gain of the controller, it is impossible to increase the damping any more. Secondly, the ASVC and SVC where the damping control is added are shown in figure 9 , where we can see that they are effective in adding damping of power system oscillations (damping ratio is 0.3 in case of ASVC and 0.238 in case of SVC). In the first several swings, the closed-loop system with SVC is more pronounced than ASVC case. This may come from the ASVC's superior capability in providing controllable current. However, both controllers give almost same damping. In the ASVC case, the response signal of the ASVC case is quit different than SVC case. This kind of ASVC response signal ('back swing'), is one of the characteristic of non minimum phase system, which is known to be difficult to avoid. Figure 10 and 11 shows time responses for the VT bus voltage with ASVC or SVC -controller, respectively, under the nominal operating condition and other two different pre-specified sets of system conditions, i.e Gain exciter, KA, Machine damping parameter, D. A small disturbance is introduced by a suddeiLvariation in the voltage setpoint of terminal generator. From these figures, it can be observed that both the improved Hm-ASVC and SVC controller can still maintain stability of the system, which implies the robustness of both the controllers. As shown also in Table 2 , when the damping parameter, D decreases to -5, the system becomes unstable (damping ratio is -0.0977), while with ASVC or SVC the system is still stable ( damping ratio is 0.105 in case of ASVC and 0.065 in case of SVC). Same response characteristics are observed in these figures as discussed before.
In figure 12 , the following disturbance is considered: a 3L-OC is assumed near the sending end at one of the double transmission line for 2 second. The line was opened at 0.5 second and closed at t=2.5 second. Again similar response characteristics are observed as already discussed before. In this situation both the controllers introduces enough damping to maintain stability. Although the system without ASVC or SVC become unstable. However under such severe disturbance, in case of SVC higher transient voltage appears at VT bus voltage, which may lead to overvoltage problem. On the other hand, in case of ASVC enough voltage depressions are seen at the VT bus voltage, due to a larger transient rating.
In order to avoid the overvoltage problem of SVC controller (controller #1), further design modification is needed. Therefore, we have designed an SVC controller (controller #2) to achieve the same voltage suppression capability as the ASVC controller. From figure 13 , it can be observed, without taking account the overvoltage problem, the desired damping of dominant oscillation mode is achieved (as shown in Table 2 , damping ratio is 0.238). However, by taking account the overvoltage problem, the damping ratio become smaller (damping ratio is 0.127), i.e. it takes more time to achieve steady state condition. This means also that the robustness will be influence.
Eigenvalue analysis
The robustness and performance of the controllers are compared through eigen value analysis. The damping ratios of the open and closed-loop system are listed in Table 2 . From this table, it is clear that the desired damping of the dominant oscillation mode is achieved for nominal system case. However, it is seen that the damping capability is restricted by the voltage suppression capability from the comparison between SVC controllers #1 and #2. It can be observed that closed-loop system with ASVC has better damping, i.e. the closed loop poles have been placed to more stable locations. Thus, more robust stability has been realized in ASVC controller and almost satisfactory response is achieved, in spite of the critical zeros problem.
The margin stability
Robustness of the controllers are evaluated also in terms of the inverse of the Hm -norm of the complementary sensitivity matrix T(s) , {t , as list in Table 3 . Let ,u be defined as follows :
The larger ,u , the larger is the stability margin in the presence of a multiplicative uncertainty. This table has shown that the same tendency is obtained as discussed through eigen valueanalysis.
6.Conclusion
In this paper, a comparison study has been made between ASVC and SVC with equal rating condition. To achieve the full utilization of the ASVC and SVC for damping power system oscillations an improved H-optimization technique is applied. From these studies, we can conclude the followings: (1) Both FACTS device can perform almost same damping power swings in nominal system condition for small disturbances. As disturbance become large, an ASVC controller can be more effective in suppressing power swings because of a larger transient rating.
(2) Design of ASVC controller design is more difficult than SVC case, due to zeros problem ('back swing'). However when suitably designed, satisfactory robust stability and robust performance can be realized. 
